ABSTRACT
Recent Trends in Stereoscopy in Science Education
The earliest documented application of stereoscopy to science education dates back to 1838. An English physicist and inventor, Sir Charles Wheatstone, designed the first stereoscope to illustrate how binocular parallax works in the human vision system (Wheatstone, 1838) . Following his invention, he published a commentary about how the stereoscope could be used for science education (Wheatstone, 1852) . A comprehensive review on the subsequent early history of stereoscopic technology was conducted by Zone (2014) . It describes mostly minor, yet steady technological progress made from early applications up to the invention of stereoscopic film technology. After that point, stereoscopy was most often used as an entertainment technology and marketing gimmick. As such, interest in stereoscopy varied as new gimmicks would emerge and then lose their novelty over time (Gurevitch & Ross, 2013) .
That inconsistent pattern of public interest continues today as blockbuster movies such as 2009's Avatar, currently the highest grossing film of all time, reignited tremendous interest which now shows signs of declining. A normalized plot of Google search activity for "stereoscopic 3D" shows interest initially driven by Avatar and then fading ( Figure 1 ). Further evidence suggests that today's resurgence of 3D films may be another fad as sales of 3D film tickets have declined four years in a row in total revenue and seven years in a row in percentage of overall ticket sales (Lieberman, 2014) , and sales of stereoscopic home theater systems have fallen below industry expectations (Dash, 2013) . However, there are reasons to believe that the use of stereoscopy as a tool for general science education is still worth considering. The first is the rapid decrease in the cost to produce and present stereoscopic content. Thanks to technology advances such as the GeoWall (Johnson, Leigh, Morin & Van Keken, 2006) and consumer level stereoscopic video displays, high quality and portable stereoscopic visualization systems can be built for less than a thousand dollars. Moreover, the production of affordable, consumer level stereoscopic cameras and software to create stereoscopic visualizations using devices as ubiquitous as mobile phones has made it easier to create content (White, 2010) . This puts content creation and use in the hands of educators and does not require an industry to support it. At the same time, children who live in a world where stereoscopic media are commonplace are coming to expect highly immersive visualizations to pique their interest. In addition, the growth of informal science education as an alternative source for science learning (Feder, Shouse, Lewenstein, & Bell, 2009; Falk & Dierking, 2010 ) makes stereoscopic media a fertile ground for developing content that is engaging and informative, not to mention that the public already associates the media with informal settings such as museums and science centers (Steinbach, 2011) . Finally, virtual and augmented reality technologies, such as Oculus Rift, continue to gain popularity as science education tools (Turner, Holmes, & Gordon, 2014) . They often integrate stereoscopic visualizations, so what we learn about stereoscopic learning can have an important role in determining how to use these new technologies.
As with many learning technologies, stereoscopy has been attributed to generating a wide range of learning outcomes to varied extents (McIntire, Havig & Geiselman, 2014; McMahon & Garrett, 2014) . However, in more recent years the scholarship on stereoscopy has found limited impacts of stereoscopy when applied to STEM education. For instance, Cliburn and Krantz (2008) found no stereoscopic advantage in the ability to identify objects in a virtual reality simulation. Cid and Lopez (2010) found no stereoscopic advantage in learning about phases of the Moon. Joseph (2011) found no advantage in learning about galaxy distribution. Mukai, Yamagishi, Hirayama, Tsuruoka & Yamamoto (2011) found no advantage in learning about basic computer hardware engineering. Seabra & Santos (2009) found no advantage in learning descriptive geometry. And McDermott, Hurmas, Slocum, Halfen, and White, et al. (2012) found no difference between stereoscopic and 2D visualizations in learning about physical geography.
RESULTS
These studies indicate a limited impact of stereoscopy when designed to replace visualizations used in typical science classrooms across a wide variety of STEM domains. However, our research suggests that, instead of using stereoscopy for simple replacement of typical visualizations, careful implementations and targeted research designs are necessary to probe the impact of stereoscopy on more nuanced learning outcomes. Indeed, in our own studies we found stereoscopy to have little to no advantage on typical learning outcomes such as task accuracy or time on task when stereoscopic visualizations were used in simple tasks such as memory, block rotation, and letter rotation tasks (Price, et al., 2010) . It was only when using more carefully designed visualizations and complex measures that we uncovered significant learning benefits associated with the use of stereoscopy. In one study, we found no stereoscopic advantage to how young children answered multiple-choice questions about spatial properties of an image. However, the children did show a difference in the level of details depicted in their drawings after seeing stereoscopic images as compared to static ones (Price, et al. 2014) . In another study of adults watching a film on modeling of the Milky Way galaxy structure, we found no stereoscopic vs. 2D difference in the viewers' performance on an immediate post-test after controlling for pre-test performance. But we did find that the stereoscopic group recalled significantly more accurate information of what they learned from the film when tested six months later (Price, et al., in press ). We are not presently aware of any other studies on the long-term effects of stereoscopy on learning outcomes. Stereoscopy can preferentially enhance the viewer's long-term learning of objects with highly spatially complicated features by increasing cognitive resources dedicated to storage. According to the Limited Capacity Model (Lang, 2000) , this is accomplished through both increased focus on the spatial elements as well as increased viewer motivation -ostensibly because they felt more immersed in, connected to and focused on the visualization as compared to typical two-dimensional visualizations.
Spatial Cognition
Stereoscopic technology is often used to support learning in highly spatial domains. It is used in the training of pilots (Menendez & Bernard, 2000) , surgeons (van Beurden, IJsselsteijn, & Juola, 2012) and drivers (De Winter, Wieringa, Dankelman, Mulder, Van Paassen, et al., 2007) -all professions where attention to spatial detail is critical to safety. In science, it has often been used to support learning of astronomy (Cid & Lopez, 2010; Joseph, 2011) , geography (McDermott, et al., 2012) , geology (Johnson, et al., 2006) , and geophysics (Halfen, White, Slocum, Hirmas & McDermott, 2014) . In fact, the most popular implementation of stereoscopy for education is through the aforementioned GeoWall -a low cost tool for projecting stereoscopic images using a computer and two data projectors -that has been installed in hundreds of formal and informal educational settings and used primarily for earth science education, training and research.
Stereoscopy is more often used in highly spatial domains because of its additional information about depth. It enhances a viewer's ability to perceive structure of an object along an axis perpendicular to the image plane. However, it may also have an indirect, yet equally as important, impact on overall cognitive efforts a viewer needs to perceive the object and later recall it. The type and level of information the brain perceives may alter how the brain processes the rest of the visualization, which has implications for aspects of the visualization that may be competing for cognitive resources. Cognitive load theory assumes that working memory, which deals with novel information accessed through interactions with the world, has a limited capacity to process both auditory and visual (2D and 3D) information; on the other hand, working memory can easily process information already stored in longterm memory (Sweller, Merrienboer, & Paas, 1998) . Stereoscopy can increase (Kooi & Toet 2004) or decrease (Nemire, 1998) cognitive load of the viewer, depending on how it is implemented. By relieving the mind of the burden of interpreting depth from secondary cues (such as shadows) to process a 3D structure presented in a 2D format, stereoscopy may free up cognitive resources for the viewer to carry out other cognitive functions.
One accepted measure of cognitive load is time on task, i.e. how long it takes for a person to conduct a task (Paas, Tuovinen, Tabbers & Van Gerven, 2003) . In our study with early adolescents (Price, et al., 2010) , we found that a significantly more time was needed to solve stereoscopically presented spatial cognition tasks without improvement in accuracy as compared with solving the same tasks presented in 2D. This delay effect with stereoscopic visualizations was reproduced in a similar experiment by Ting, Tan, West, Squelch & Foster (2011) . In our study with younger children (Price, et al., 2014) , we found no difference in the amount of time it took for children to answer questions about stereoscopic or 2D images. In our third study, we also found no difference in the amount of time it took adults to respond to a test after watching a film in either 2D or stereo (Price,, et al., in press) . The difference in those results can be attributed to the fact that the latter studies involved more complex learning tasks, while the former more simple tasks involving the mental rotation of objects. The difference in processing time is related to mental rotation but is lost in the more complex reasoning involved with learning tasks.
Stereoscopy's impact on cognitive load can be mediated by the viewer's spatial ability. In our studies about scientific imagery and film, we measured the mental visualization ability of participants. In both studies, differences in performance between stereoscopic and 2D visualizations were significantly positively correlated with the participants' spatial cognition scores. Others have also found a relationship between spatial ability and ability to interpret stereoscopic images (Huk, 2006; McIntire, et al., 2014; Keebler, 2011; Vendeland & Regenbrecht, 2013) . However, Barrett & Hegarty (2014) found stereoscopy may preferentially benefit low spatial learners, particularly when applied to simpler visualizations. Mitsuya, Kawai, Sato, Yamagata, Yamazaki, et al. (2009) also found that stereoscopy helped children with developmental dyslexia learn to write hiragana characters. Spatial ability has been found to be a predictor for future success in science and entry into science careers (Wai et al., 2009) , which boosts stereoscopy's potential in improving science education for all learners.
Novelty
When pilot testing stereoscopic visualizations and related earth science assessments in a STEM-focused middle school, we noticed that the students were very excited about the process of wearing stereoscopic glasses. Some students extended their hands in front of the glasses and said "Oh, cool!" while moving them back and fortheven though the stereoscopic equipment was not yet turned on. Clearly, stereoscopy is still seen as a novel tool -at least in formal school settings where most visualization media are almost always in 2D. Whether and how to control for this novelty in estimating the impact of stereoscopy on learning can be a matter of debate. Novelty can be an inherent part of the process that should be included in any authentic experiment. However, over time the novelty inherent in stereoscopy will eventually diminish as stereoscopic visualizations become more and more prevalent in society (indeed, it is often cited as the reason behind the recent decline in 3D films' box office performance). And at an operational level the novelty effect can quickly wear off during an extended activity as the learner gets used to the experience. Novelty has many implications for affecting cognition through heightened task engagement. Bunzeck & Düzel (2006) identified a region in the mid brain as being the source of extra interest and learning caused by novelty. They speculate the cause is due to increased dopamine levels associated with the introduction of a new stimulus or element. This increase may not be sustained indefinitely as the stimulus or element becomes too familiar to the viewer over time, thus causing any impacts associated with novelty on learning to diminish accordingly.
Novelty is also seen as an additional source of cognitive load (Orion, 2007) and may be responsible for some of the gender differences seen in learning at science centers (Kubota & Olstead, 1991) . In our extended review of the empirical literature on stereoscopy, we found no studies where the novelty effect was controlled in research design or data analysis. For each of our studies, we attempted to mitigate or control for the novelty effect. We used diverse techniques such as (1) measuring prior exposure to stereoscopic visualizations to gauge the viewer's familiarity with stereoscopy, (2) providing participants with a substantial number of training activities as well as time to become accustomed to the stereoscopic visualizations in use, and (3) in our stereoscopic slide study, all of our participants wore stereoscopic glasses regardless of whether the visualization they were looking at was in stereo or 2D. We encourage all other researchers to make creative and serious efforts to limit or measure the impact of novelty on their studies. Not doing so runs the risk of overestimating stereoscopic media effects (Mitchell, 2012) .
Implications
The main implications of recent research results in the field of stereoscopy in education can be summarized in two ways. First, use stereoscopic visualizations only for the content that needs it. Second, if the use of stereoscopy is deemed to be beneficial, then design stereoscopic visualizations in the context of learning activities where the visualizations will be used.
Stereoscopy should be matched with content that is not only highly spatial in nature, but also in which depth perception is critical in perceiving and understanding content. The decision to use stereoscopy should be tightly interwoven with objectives of proposed learning activities (Bendis, 2003) so that stereoscopy is not being used to teach concepts that don't require a sense of depth. For example, when teaching which route for an airplane to take to fly from New York to Shanghai, a stereoscopic visualization can help show how a route plotted on a sphere is shorter than one plotted on a flat, planar surface (like a map). The fact that the Earth is a sphere becomes a salient and critical information when seen stereoscopically, while it is taken for granted but rarely elicited when viewing 2D maps. Dynamic visualizations work best when the salient features of the visualization are emphasized (McElhaney, Chang, Chiu & Linn, 2015) . This is especially evident when viewing dense structures where stereoscopy can help discern between foreground and background objects such as dense data graphs (Alper, Hollerer, Kuchera-Morin, & Forbes, 2011) and dense star fields (Fairall, 2005) .
Stereoscopy should also be carefully implemented. In our study of the stereoscopic film, we presented a set of four Stereoscopic Design Principles to increase the educational impact of stereoscopic visualizations. They are derived from two sources: decades of prior experience developing educational stereoscopic visualizations and a comprehensive review of hundreds of spatial cognition and stereoscopic literature, including 38 empirical papers on the design and impact of stereoscopy in education. While originally intended for film developers, these principles can be applied to a wide variety of stereoscopic media. Application of the stereoscopic design principles can help focus the visualization on the features associated with depth and also prepare the viewer gradually to think in three dimensions. Recent studies have shown that viewers of stereoscopic content often still think of the content in two dimensions, perhaps because they are primed by experience (through books, television, etc.) to do the mental translations needed to convert 2D visualizations into a 3D space (Price, et al., 2010; Ting, et al., 2011) . Providing the audience with a period to get used to the stereoscopy can minimize this effect. For example, do not begin a visualization with a striking, "in-your-face", visual but instead ease them into it. Also, because stereoscopy increases cognitive load, it is important to find ways to minimize other sources of cognitive load -which implies the creation of visualizations that are clear and focused with minimal extraneous content. For example, limit extraneous narration and the detail of imagery not needed to convey the depth-related concepts behind the visualization.
Stereoscopy should not be used solely as a gimmick in educational applications. First, the novelty may interfere with the learning goals by creating distractions and increasing cognitive load. Second, any learning outcomes resulting from the temporarily increased engagement may fade along with the novelty. We believe this is one reason why earlier studies were more positive in the impact of stereoscopic visualizations than recent studies. Or, if stereoscopy is new to the audience, wait until they are more comfortable with the technology before introducing the core learning concepts of the learning activity with stereoscopy.
Despite its limits, stereoscopy may still be of use to educators of astronomy and the earth sciences -two of the most highly spatial fields of science (Plummer, 2014; Ishikawa & Kastens, 2005) . Astronomy has an especially difficult educational challenge in that astronomical objects are inherently 3D in nature with no flat planes to use as a
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The Clute Institute frame of reference. Also, its objects of study are so far away that stereoscopic photographs (from Earth) are impossible to create. Thus, students never get to see what they are studying in three dimensions: a star in a telescope will always look like a point source and an outer planet will always appear as a disc. Stereoscopy can provide students their only opportunity to experience a three dimensional structure of astronomical systems through physiologically-based sense of depth. It is also very popular in planetarium settings (Fairall, 2005; Shiomi, Shoichi, Hidehiko, Mario, , José, et al., 2014; Aguilera, 2015) Stereoscopy has long been a staple of earth science education as well (Kuenen, 1950) . This is especially true in geology, where structural details are important at both very small (e.g.: sedimentation) and very large (e.g.: continental) scales. Stereoscopy also has applications in other areas of earth science such as meteorology (Muller, Denis, Dundas, Mitchell, Naud, et al., 2007) , oceanography (Harvey, Shortis, Stadler, & Cappo, 2002) and volcanology (Yamashina, Matsushima, & Ohmi, 1999) . Field experience is important to all of these earth science disciplines, yet it is not always available to students. In these cases, stereoscopy may be the next best method to facilitate learning when applied carefully.
CONCLUSION
While standalone studies are often the vanguard of research in new fields, by themselves they present limited value to designers of visualizations and developers of curriculum materials (Warschauer, M., Duncan, G. J., & Eccles, 2015) . In this position paper, we have synthesized our research in stereoscopy with recent empirical studies from literature in order to initiate a dialogue between the readers of this paper and literature. Results of the synthesis point towards generally limited successful uses of stereoscopic media in science education with a pocket of potentially beneficial applications. Our position is that stereoscopy should be used only where its unique properties can accommodate specific requirements of understanding topics and tasks-namely visualizations of complex objects and phenomena where the spatial sense of depth is germane to conveying the core ideas that the visualization entails. More research is needed on the effect of novelty, long-term learning and possible learning differences between the various methods of implementing stereoscopy.
